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SUMMARY 


This  report  covers  the  results  of  the  experimental  investigation 
of  the  self-excited  torsional  oscillation  of  an  mCA  0006  airfoil  sus¬ 
pended  elastically.  The  relationship  between  the  torsional  oscillation 
and  the  shedding  of  vortices  was  investigated  for  this  airfoil. 

Two  types  of  oscillation  phenomena  were  found  in  the  investigation. 
One  type,  exhibited  by  cases  with  angles  of  attack  just  above  stall, 
persisted  with  increasing  velocity  without  reaching  any  apparent  limit 
within  the  range  of  velocity  attainable  in  the  present  wind  tunnel.  The 
other  type,  exhibited  by  cases  with  higher  angles  of  attack,  only  showed 
self -excited  oscillations  in  a  certain  range  of  velocity,  the  range 
decreasing  with  increasing  angle  of  attack. 


INTRODUCTION 


The  investigation  of  the  failirre  of  the  Tacoma  Narrows  Bridge  in 
1941  indicated  that  an  elastically  suspended  flat  plate  exposed  at 
moderate  angle  of  attack  to  a  wind  stream  exhibited  self-excited  tor¬ 
sional  oscillations  of  considerable  amplitude.  An  Investigation  to 
study  this  phenomenon  further  was  subsequently  undertaken  at  the 
Guggenheim  Aeronautical  Laboratoiy,  California  Institute  of  Technology 
under  the  sponsorship  and  with  the  financial  assistance  of  the  National 
Advisory  Committee  for  Aeronautics. 

Unpublished  work  at  the  California  Institute  of  Technology  has 
covered  test  results  of  bending  oscillations  and  preliminary  work  on 
torsional  oscillations.  Reference  1  deals  with  torsional  oscillations 
only  and  indicates  that  additional  research  is  necessary  to  investigate 
the  mechanism  for  the  starting  of  the  self-excited  torsional  oscillations 
as  related  to  the  shedding  of  vortices.  Reference  1  also  Indicates  that 
there  was  no  upper  limit  to  the  range  of  velocities  in  which  the  oscil¬ 
lations  occurred.  The  present  investigation  shows  that  for  angles  of 
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attack  beyond  a  certain  limit  there  are  upper  limits  to  the  velocities 
at  which  self -excited  oscillations  occur.  The  results  of  reference  1 
indicate  that  the  amplitude  of  the  oscillations  depends  on  past  history. 
Therefore^  in  the  present  research  program  the  airfoil  was  allowed  to 
start  from  rest  every  time  the  velocity  was  varied.  The  study  of  the 
vortex  shedding  in  an  attempt  to  relate  it  to  the  oscillation  was 
performed  with  the  aid  of  hot-wire  anemometers. 


SYMBOLS 


geometric  angle  of  attack  of  airfoil  when  stationary,  degrees 
wind  velocity,  feet  per  second 

lower  critical  velocity  at  which  oscillation  starts,  feet 
per  second 

upper  critical  velocity  at- which  oscillation  no  longer  starts, 
feet  per  second 

velocity  at  which  maximum  amplitude  occxirs ,  feet  per  second 
amplitude  of  oscillation,  degrees 

maximum  amplitude  of  oscillation  at  a  given  angle  of  attack, 
degrees 

frequency  of  oscillation,  cycles  per  second 

frequency  of  vortex  shedding  with  stationary  airfoil,  cycles 
per  second 

.N  corresponding  to  V]^,  cycles  per  second 

N  corresponding  to  cycles  per  second 

N  corresponding  to.  cycles  per  second 

airfoil  chord,  feet 

/  / 

dimensionless  Von  Karman  number 
free -stream  dynamic  pressure 

difference  in  total  head  of  free  stream  and  wake 
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DESCRIPTION  OF  APPARATUS 


An  open-return  wind  tunnel,  as  shown  schematically  in  figure  1, 
was  used  for  this  research  program.  To  insure  that  the  oscillations 
were  not  caused  by  any  fluctuation  in  the  flow  through  the  test  section, 
three  screens  were  placed  at  the  entry  of  the  contraction  section.  Two 
of  these  were  made  of  cheese  cloth,  and  the  third  was  made  of  20-mesh 
copper  screen.  They  were  spaced  at  1-foot  intervals.  A  1-inch  gap 
was  left  between  the  diffuser  section  and  the  fan  section  to  prevent  any 
oscillation  of  the  engine-propeller  section  from  being  transmitted  to 
the  working  section. 

t 

The  suspension  system  consisted  of  a  24S-T  Duralumin  rod  mounted  on 
each  end  of  the  airfoil  as  shown  in  figure  2.  This  allowed  maximum 
freedom  for  torsional  oscillation  while  affording  little  freedom  for  any 
other  mode  of  motion.  Two  sets  of  rods  were  used  in  this  experiment. 
With  the  suspended  mass  constant,  the  frequency  of  oscillation  of  the 
airfoil  depends  on  the  diameter  of  the  rods.  One  set  of  D-uralumin  rods 
of  0. 188-inch  diameter  (designated  suspension  1)  was  used  to  obtain  a 
torsional  frequency  of  approximately  12  cycles  per  second  and  another 
set  of  0.25-inch  diameter  (designated  suspension  2)  was  used  to  obtain 
a  frequency  of  approximately  20  cycles  per  second. 


The  NACA  0006  airfoil  was  of  laminated  wood  construction  with  a 
9-inch  chord  and  4l-inch  span.  Each  end  of  the  airfoil  was  fitted  with 
two  Duralumin  blocks  into  which  fitted  the  pins  that  connected  the  airfoil 
to  the  suspension  system.  The  details  of  the  suspension  system  are  shown 
in  figure  2. 

relation  of  stress  and  strain  of  the  torsion  rods  furnished 
a  convenient  means  of  measuring  both  the  frequency  and  the  amplitude  of 
the  oscillations  by  the  use  of  a  strain  gage  mounted  on  one  of  the 
suspension  rods  at  an  angle  of  45°  to  the  axis  of  the  rod.  Thus,  the 
deflection  of  the  strain  gage  was  directly  proportional  to  the  angle  of 
twist.  The  output  of  the  strain  gage  was  fed  through  a  6-channel  amplifier 
designed  for  both  strain-gage  and  hot-wire  measurements.  The  current 
through  the  strain  gage,  supplied  by  a  12-volt  direct-current  source, 
was  approximately  10  milllamperes .  The  method  of  calibration  used  here 
was  such  that  the  fluctuation  in  the  voltage  across  the  strain  gage  or  in 
the  gain  of  the  ^plifier  could  not  affect  the  measurement  of  the  angular 
deflections.  This  was  accomplished  by  shunting  the  strain  gage  with  any 
one  of  several  precision  resistors.  With  a  resistor  shunted  across  the 
undeflected  strain  gage,  the  reduced  net  resistance  was  measured  with  a 
Wheatstone  bridge.  Then,  the  shunt  was  removed  and  the  airfoil  was 
deflected  to  such  a  position  as  to  give  the  same  amount  of  reduction  in 
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the  resistance.  The  angular  deflection  at  this  point  was  recorded.  This 
was  done  with  four  different  shunting  resistors.  By  means  of  a  selector 
switch  and  a  microswitch  any  one  of  these  four  shunts  could  he  placed 
across  the  strain  gage,  each  shunt  corresponding  to  a  known  angular 
deflection.  The  output  of  the  amplifier  was  fed  into  a  6-channel  recording 
oscillograph,  Heiland  Type  A-400R6.  The  calibration  appeared  as  a  stepped 
trace  on  the  recording  paper.  By  comparing  the  height  of  the  step  and  the 
subsequent  oscillation  record,  the  exact  angular  deflection  could  be 
obtained  independent  of  any  variation  in  the  voltage  across  the  strain 
gage  or  in  the  amplifier  gain.  The  oscillograph  had  a  timer  which  marked 
0.01-second  timing  lines  on  the  recording  tape. 

Two  sets  of  hot-wire  anemometers  were  used  to  measure  the  vortex- 
shedding  frequency.  One  set  was  mounted  fixed  with  respect  to  the  tunnel, 
while  the  other  was  mounted  on  the  airfoil  itself  and  moved,  with  it.  The 
fixed  hot-wires  were  mounted  on  faired  Duralumin  struts,  one  pro¬ 
truding  into  the  wind  stream  from  the  bottom  of  the  test  section  and  the 
other  from  the  top.  Both  struts  were  mounted  on  traversing  mechanism 
pemiitting  motions  both  vertical  to  and  along  the  wind-stream  direction. 

The  moving  hot-wires  were  mounted  by  means  of  rigid  frames  made  of 
l/8-inch  copper  tubing  secured  to  the  top  surface  of  the  airfoil.  One 
such  hot-wire  was  mounted  near  the  leading  edge  and  the  other  one  near 
the  trailing  edge,  as  shown  in  figure  3.  The  anemometers  were  made  of 
l/4-mil  platinum  wire  with  a  length  of  approximately  3/16  inch,  as  shown 
in  figure  3.  Approximately  100  to  150  milliamperes  of  current  were  used. 
The  output  of  the  hot-wires  was  amplified  and  recorded  in  the  same  manner 
as  for  the  strain  gage.  Since  the  frequency  of  shedding  was  all  that  was 
needed,  no  calibration  was  necessary. 

A  cathode-ray  oscilloscope  was  used  in  parallel  with  the  recording 
oscillograph  so  that  visual  obsenvation  of  both  the  oscillation  of  the 
airfoil  and  the  shedding  of  vortices  could  be  made  while  records  were 
being  taken.  The  best  position  for  picking  up  the  vortex  frequency 
at  any  velocity  and  angle-of-attack  setting  was  chosen  by  observing 
the  output  of  the  oscilloscope  while  the  hot-wire  was  moved  across  the 
wake  of  the  traversing  mechanism.  This  was  necessary  because  inside 
the  wake  it  was  difficult  to  obtain  any  defined  pattern  of  flow  because 
of  high  turbulence.  On  the  border  of  the  wake  the  Influence  of  the 
vortex  formation  could  be  felt  by  the  hot-wire  without  any  appreciable 
effect  of  the  wake  turbulence. 

The  accuracy  of  velocity  measured  by  means  of  a  pitot-static  tube 
mounted  in  the  test  section  ahead  of  the  airfoil  was  ±0,2  feet  per  second. 
The  accuracy  of  setting  the  angle  of  attack  with  respect  to  the  wind- 
stream  direction  was  ±1/3°.  The  accuracy  of  oscillation  amplitude  meas¬ 
urement  with  the  shunt  calibrations  was  ±0.1°.  At  the  lower  angles  of 
attack,  from  stall  to  about  15°,  the  accuracy  of  vortex  frequency  reading 
was  approximately  ±15  percent,  while  at  higher  angles  it  was  approximately 
±3  percent. 
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TEST  PROCEDURE 


The  velocity  survey  of  the  working  section  was  made  by  placing  a 
pitot-static  tube  at  30  positions  with  the  airfoil  removed,  and  the 
results  are  presented  in  figure  4.^ 

The  wake  surveys  were  for  angles  of  attack  of  8°,  12°,  and  15°,  both 
with  the  airfoil  held  stationary  and  with  it  oscillating'.  The  results 
are  presented  in  figures  5  to  8. 

Tuft  surveys  were  made  at  angles  of  attack  of  6°,  8°,  12°,  15°,  and 
19°,  with  the  airfoil  stationary,  and  the  results  are  presented  in 
figure  9* 

For  the  oscillation  amplitude  and  the  vortex  shedding  frequency 
measurements  the  following  procedure  was  followed:  The  airfoil  was 
mounted  on  suspension  1  and  set  at  the  desired  angle  of  attack,  and  the 
velocity  was  increased  slowly  until  the  oscillation  just  started.  The 
velocity  was  then  decreased  approximately  5  feet  per  second  to  a  point 
where  there  was  no  longer  any  oscillation.  With  the  airfoil  held  sta¬ 
tionary  the  lower  hot-wire  was  moved  into  position,  and  by  observing  the 
pattern  on  the  oscilloscope  the  best  position  was  found  for  determining 
the  vortex  frequency.  A  record  was  then  taken  of  the  vortex  sHedding 
frequency.  The  velocity  was  then  increased  and  another  vortex  frequency 
record  was  taken  with  the  airfoil  stationary.  The  airfoil  was  released 
and  allowed  to  begin  self-excited  oscillation.  If  there  was  any  oscil¬ 
lation  at  that  particular  velocity,  it  was  allowed  to  reach  a  steady 
value  as  indicated  by  the  oscilloscope.  When  steady  state  was  reached, 
the  amplifier  gain  was  adjusted  so  that  the  traces  filled  up  the  oscil¬ 
loscope  screen.  The  vertical  gain  in  the  oscilloscope  was  already  adjusted 
so  that  full  use  of  the  screen  corresponded  to  the  full  use  of  the 
recording  tape  in  the  oscillograph.  Again  the  airfoil  was  stopped  and  a 
calibration  mark  was  put  in  the  record.  One  of  four  calibration  marks, 
corresponding  to  amplitudes  of  approximately  1°,  3°,  7°,  and  10°,  could 
be  chosen.  The  airfoil  was  then  released  again  and  allowed  to  reach 
steady-state  oscillation  before  a  record  was  made  of  the  oscillation. 

The  airfoil  was  again  stopped  and  the  velocity  was  increased  by 
about  1  foot  per  second,  following  which  the  procedure  just  described  was 
repeated.  This  was  done  up  to  the  point  where  oscillation  no  longer 
started;  or,  in  cases  where  the  oscillation  amplitude  kept  increasing, 
the  run  was  terminated  when  the  amplitude  was  near  the  elastic  limit  of 
the  torsion  rods,  which  was  about  15°.  These  tests  were  run  for  angles 
of  attack  of  7°,  8°,  10°,  12°,  l4°,  15°,  l8°,  21°,  23°,  25°,  27°,  and  29°. 
The  results  of  these  runs  are  presented  in  figure  10. 
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Similar  measurements  were  made  with  suspension  2,  at  angles  of  ^ 

attack  of  8°,  12°,  and.  25°.  The  results  of  these  measurements  are  pre¬ 
sented  in  figure  11. 

In  order  to  obtain  a  complete  set  of  data  to  show  the  relationship 
between  the  vortex  shedding  frequency  of  the  stationary  airfoil  and  the 
angle  of  attack  with  velocity  as  a  parameter,  hot-wire  frequency  records 
were  taken  over  a  velocity  range  of  about  20  to  45  feet  per  second  for 
angles  of  attack  of  7°,  8°,  10°,  12°,  l4°,  15°,  l8°,  21°,  23°,  25°,  27°, 
and  29°.  Results  of  these  runs  are  presented  in  figirres  12  to  l4. 

By  manipulating  the  hot-wire  mounted  from  the  top  of  the  test  section, 
the  point  of  flow  separation  on  the  upper  surface  was  found  for  angles  of 
attack  of  9°,  12°,  15°,  18°,  and  21°.  A  scale  was  mounted  over  the  top 
of  the  airfoil,  with  zero  at  the  leading  edge,  so  that  the  point  of  sepa¬ 
ration  could  be  measured  with  respect  to  the  leading  edge.  Results  are 
presented  in  figure  15 . 

Finally,  in  order  to  study  the  shedding  phenomenon  while  the  airfoil 
was  oscillating  and  to  examine  the  phase  relation  of  the  shedding  with 
the  oscillation,  simultaneous  records  of  the  strain  gage  and  of  the  hot-  ^ 

wires  mounted  on  the  airfoil  were  taken  for  angles  of  attack  of  8°,  10°, 
and  18°.  For  each  angle  of  attack  and  velocity  setting  a  record  was  first 
taken  with  the  oscillation  traces  and  the  shedding  traces  from  the  leading 
edge  put  on  the  same  tape  so  that  the  phase  relations  could  be  examined. 

For  the  same  configuration  another  record  was  made  with  the  oscillation 
traces  and  the  shedding  traces  taken- behind  the  trailing  edge.  Results 
of  these  tests  are  presented  in  figure  l6. 


EXPERIMENTAL  RESULTS 


The  results  of  the  velocity  survey  shown  in  figure  4  indicate  that 
the  maximum  velocity  variation  was  about  1.6  percent  in  the  test  section. 

The  wake  surveys  are  presented  in  figures  5  "to  8.  Figures  5  and  6 
show  that  the  oscillating  airfoil  produced  a  wake  of. nearly  the  same 
width  as  the  stationary  one.  A  comparison  of  figure  J  with  figure  8 
indicates  that  the  wake  for  12°  of  angle  of  attack  was  wider  than  that 
for  15° . 

The  tuft  surveys,  as  presented  in  figxare  9,  show  that  the  flow  was 
not  strictly  two-dimensional. 

Figure  10  gives  the  results  of  the  oscillation  amplitude  and  the 
shedding  frequency  as  a  function  of  velocity  for  angles  of  attack  of 

7°,  8°,  10°,  12°,  l4°,  15°,  18°,  21°,  23°,  25°,  27°,  and  29°,  using 
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suspension  1,  which  had  a  frequency  of  approximately  12  cycles  per  second. 
These  results  show  that  for  angles  of  attack  "below  l4°  there  was  apparently 
no  upper  limit  of  velocity  at  which  self -excited  oscillations  occurred. 

For  angles  of  attack  higher  than  l4°  there  were  upper  limits^  and  the 
range  of  velocity  in  which  oscillations  started  hecame  less  as  the  angle 
of  attack  was  increased.  It  may  also  be  seen  that  for  the  higher  angles 
of  attack  the  vortex-shedding  frequency  within  the  oscillation  range  was 
near  the  natural  frequency  of  the  oscillating  system. 

The  plots  of  velocity  range  in  which  self -excited  oscillation  occiarred 
as  a  function  of  angle  of  attack  are  given  in  figure  IJ.  The  plots  of 
vortex  frequency  range  in  which  oscillation  occurred  as  a  function  of  angle 
of  attack  are  given  in  figure  l8.  The  maximimi  amplitude  of  oscillation 
and  the  corresponding  velocity  and  vortex  frequency  for  the  stationary 
airfoil  as  a  function  of  angle  of  attack  are  given  in  figvire  19 .  Oscil¬ 
lation  amplitudes  as  a  function  of  angle  of  attack  with  the  velocity  as 
a  parameter  are  plotted  in  figure  20. 

A  thorough  study  of  the  oscillation  phenomena  using  suspension  2 
was  not  made,  although  limited  results  were  obtained  and  are  pre¬ 
sented  in  figure  11.  The  limited  velocity  range  of  the  wind  tunnel 
restricted  the  scope  of  the  investigation  using  the  stiffen  suspension. 


Figure  12  gives  vortex  frequency  of  the  stationary  airfoil  as  a 
function  of  velocity  for  angles  of  attack  of  7°,  8°,  23°,  27°,  and  29°. 
This  figure  shows  that  the  frequencies  are  quite  irregular  just  above 
stall,  but  are  regxilar  for  the  higher  angles. 


Figures  13  and  l4  show  vortex  shedding  frequency  as  a  function  of 
sin  a  at  different  velocities.  It  is  seen  that,  instead  of  following 

a  linear  relation  —  ■  =  K  as  indicated  by  Tyler's  formula  given 


in  reference  2,  the  shedding  frequency  decreases  at  lower  angles  of 
attack.  At  the  higher  angles  the  value  of  K  ranges  between  0.112 
and  0.178,  which  is  in  fair  agreement  with  the  values  given  in  refer¬ 
ence  2.  Tyler  gives  an  average  value  for  K  of  O.I5  for  airfoils,  while 
Blenk,  Fuchs,  and  Liebers  give  an  average  value  of  0.21. 


Results  of  the  measurement  of  point  of  separation  are  given  in 
figure  15,  which  shows  that  the  separation  point  on  the  upper  surface 
is  fixed  for  the  range  of  angles  of  attack  from  stall  to  1-4°  and  shifts 
to  a  new  fixed  position  at  angles  of  attack  from  15°  on. 

The  results  with  the  hot-wires  attached  to  the  oscillating  airfoil 
and  measuring  shedding  and  oscillation  simultaneously  are  given  in 
figure  16.  These  results  are  discussed  in  detail  in  the  next  section. 
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DISCUSSION 


The  factors  affecting  the  oscillation  of  a  system  like  the  airfoil 
used  in  this  experiment  are  the  following:  The  moment  of  inertia  of  the 
entire  system^  the  torsional  rigidity  of  the  suspension  system,  the 
aerodynamic  damping  moment,  and  the  torsional  moment  caused  by  the  vortex 
shedding.  The  moment  of  inertia  of  the  system  is  constant  if  the  system 
is  at  rest,  but  is  increased  by  an  "additional  apparent  moment  of  inertia" 
when  it  is  in  motion  in  a  fluid.  When  the  airfoil  itself  is  assumed  to 
be  very  rigid  compared  with  the  torsion  rods,  which  is  true  in  this  case, 
the  torsional  rigidity  of  the  system  depends  on  the  rigidity  of  the  tor¬ 
sion  rods,  and  is  therefore  constant.  The  aerodynamic  damping  on  an 
oscillating  airfoil  depends  on  the  angle  of  attack,  the  frequency  and 
amplitude  of  oscillation,  and  the  velocity  of  the  air  stream.  Glauert 
shows  in  reference  3  that  for  an  oscillating  lifting  wing  this  damping 
moment  is  positive  except  for  suspension  points  farther  forward  than 
the  25 -percent -chord  point. 

If  the  airfoil  is  initially  at  rest,  energy  must  be  put  into  the 
system  to  set  it  into  oscillation.  The  mechanism  which  puts  energy  into 
the  system  is  the  periodic  shedding  of  vortices.  Experimental  results 
show  that  no  oscillation  occurred  for  angles  of  attack  less  than  6°. 
Investigation  with  the  hot-wire  also  showed  that  there  was  no  shedding  of 
vortices  for  angles  of  attack  less  than  6^.  The  lift  curve  for  the 
MCA  0006  airfoil  in  figure  21  shows  that  the  curve  begins  to  deviate 
from  a  straight  line  after  6^.  The  amop.nt  of  energy  put  in  must  balance 
the  dissipation  due  to  damping  in  order  to  maintain  the  oscillation.  It 
may  be  expected  that  the  energy  input  due  to  the  shedding  of  vortices 
would  be  a  maximum  when  the  shedding  frequency  is  equal  to  the  oscil¬ 
lation  frequency.  At  this  point,  if  the  dissipation  due  to  damping  is 
less  than  the  energy  input,  oscillation  wo\ild  occur  and  maintain  itself. 
However,  it  is  conceivable  that  at  a  particular  angle  of  attack  of  the 
airfoil  and  a  particular  velocity  when  the  shedding  frequency  equals  the 
natural  frequency  of  the  system  the  energy  input  is  not  sufficient, 
because  of  the  low  velocity,  to  start  any  oscillation.  It  may  be  seen 
from  figure  13  that  for  an  angle  of  attack  of  8^  the  velocity  at  which 
the  shedding  frequency  equals  12  is  very  low,  and  figure  10(b)  shows  that 
there  was  no  oscillation  at  this  point.  At  higher  angles  of  attack,  a 
shedding  frequency  of  12  requires  a  higher  velocity,  which  may  be  suffi¬ 
cient  to  start  an  oscillation.  Results  at  the  higher  angles  of  attack, 
as  presented  in  figures  10(e)  to  10(Z),  show  that  oscillations  start  when 
the  ratio  of  shedding  frequency  to  natural  frequency  is  neetr  one.  If 
the  velocity  is  increased  it  may  ,be  expected  that  the  shedding  frequency 
increases  agd  becomes  out  of  phase  with  the  --natural  frequency,  while  the 
damping  moment,  at  the  same  time,  is  increased  because  of  the  increase 
in  velocity,  so  that  oscill^ttion  will  no  longer  start.  Results  given 
in  figures  10(e)  to  10(Z)  show  this  to  be  the  case. 
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The  results  at  the  lower  angles  of  attack,  as  given  in  figures  10(a) 
to  10(d) ^  show  that  there  was  no  upper  limit  to  the  range  of*  velocity  in 
which  self -excited  oscillation  occurred,  even  when  the  shedding  frequency 
with  the  stationary  airfoil  was  as  high  as  four  times  the  natural  fre¬ 
quency.  Once  the  oscillation  began  it  rapidly  built  up  to  very  high 
amplitudes.  This  leads  one  to  the  conjecture  that  at  these  lower  angles 
of  attack  the  shedding  frequency,  once  the  oscillation  is  stsirted,  is 
controlled  by  the  oscillation  frequency  itself,  and  no  longer  by  the 
velocity  and  the  stationary  angle  of  attack.  Furthermore,  it  is  obvious 
that  at  the  lower  angles  of  attack  the  airfoil  must  go  into  the  unstalled 
state  during  part  of  the  cycle  of  oscillation.  If  an  airfoil  is  stalled 
and  unstalled  periodically,  the  change  in  the  circulation  and,  conse¬ 
quently,  in  the  shedding  of  vortices  must  also  be  periodic  and  have  the 
same  frequency  as  the  oscillation.  To  show  that  this  was  the  case  at 
the  lower  angles  of  attack,  hot-wires  were  mounted  on  the  oscillating  air¬ 
foil  to  study  the  flow  condition  over  the  airfoil  during  the  oscillation. 
Figure  16  shows  the  results  of  this  study. 

Figure  l6(a)  shows  two  traces,  the  sinusoidal  one  being  the  oscil¬ 
lation  of  the  airfoil  and  the  other  one  the  flow  condition  over  the  air¬ 
foil  just  behind  the  leading  edge.  The  amplitude  of  oscillation  in  this 
case  was  6.5°,  so  that  at  the  upper  end  of  the  travel  the  airfoil  was 
at  an  angle  of  attack  of  14.5°  and  at  the  lower  end  of  the  travel  it  was 
at  1.5  .  It  is  seen  that  the  trace  of  the  hot-wire  response  from  point  1 
to  point  2  is  straight  and  level.  Point  1  corresponds  to  an  angular 
position  of  1.5°  and  point  2  corresponds  to  13.5°.  Thus,  the  record 
indicates  that  between  angular  positions  of  1.5°  and  13.5°  the  flow  over 
the  airfoil  was  smooth.  But  at  point  2  the  smooth  flow  broke  down  sharply 
indicating  the  shedding  of  a  vortex.  This  vortex  formation  began  .just 
before  the  airfoil  started  on  its  downward  swing.  Figure  l6(b)^  which 
gives ^ the  traces  of  the  oscillation  and  the  flow  condition  behind  the 
trailing  edge^  indicates  that  at  point  1  the  flow^at  the  trailing  edge 
took  a  sudden  increase  in  speed  because  of  the  shedding  of  the  vortex. 

Thus  it  is  seen  that  one  vortex  each  was  shed  from  the  leading  and 
trailing  edges  during  each  cycle  of  oscillation.  Therefore,  in  the  case 
of  lower  -angle  of  attack,  when  during  part  of  the  cycle  the  airfoil  was 
in  the  unstalled  state,  the  oscillation  frequency  controlled  the  shedding 
frequency.  The  shedding  of  the  vortices  in  turn  maintained  the  oscillation, 
since  the  moment  produced  by  the  shedding  was  in  phase  with  the  oscillation. 
These  results  substantiate  the  statement  that  the  oscillating  airfoil  must 
control  the  vortex  frequency  over  a  very  large  range  of  velocities. 

At  the  higher  angles  of  attack  the  airfoil  was  apparently  stalled 
t^oughout  the  cycle  of  oscillation,  as  indicated  by  results  given  in 
figure  l6(d),  which  shows  the  oscillation  and  flow  condition  over  the 
airfoil  at  an  angle  of  attack  of  l8^  and  oscillation  amplitude  of  7.0^. 
Figure  l6(c)  shows  an  intermediary  case,  in  which  the  unstalled  region* 
was  less  extended  than  in  the  case  represented  by  figure  l6(a) 
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CONCLUDING  REMARKS  i 


At  the  higher  angles  of  attack  the  oscillation  vas  controlled  hy 
the  shedding  of  vortices,  and  resonance  between  vortex  shedding  and 
oscillation  was  apparent.  The  oscillation  phenomena  at  the  lower  angles 
of  attack  need  to  be  further  investigated.  The  exciting  moments  and  the 
damping  moments  should  be  examined  quantitatively  in  order  to  arrive  at 
a  more  definite  correlation  of  vortex  shedding  to  torsional  oscillations. 


California  Institute  of  Technology 
Pasadena,  Calif.,  May  25,  19^ 
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Figure  1.-  Schematic  sketch  of  open-return  wind  tunnel. 
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Upper 
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Figure  3*-  Sketch  of  hot-wire  anemometer  and  positions  of  mounted  hot-wires 
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Figure  4.-  Velocity  survey  of  working  section;  V  =  30  feet  per  second. 
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rfoil)  a  =  8°>  V  =  25.6  miles  per  hour. 
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o  =  12° 


a  =  15° 


Flow 

— Steady 

Oscillating 

X  Turbulent 
O  Stagnant 

Figure  9--  Tuft  siorveys  made  at  various  angles  of  attack  with  airfoil 
held  stationary.  Stream  direction  is  downward. 
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Figure  10.-  Continued. 


NACA  TN  2429 


00  rH 

C-  CD 


FF 

5f 

3 

: ! ' ; 

1" 

'lit:: 

F" 

-^-ti 

Frr 

F 

44  J 
.144 

o>  w  lli 


1  fc>  o.  o  u:>  Q  Ln  O  lo 

^  oa  (M  CO  CO 

]  D  +  O  <5  -^  > 

■J 


i.EK 

4.tir  ittp 

liU-icii 

p:yF:y 

LQ 

T — 1 

t.M 

tH 

1—1 

H 

"  4 

J 

StI 

-P+  i-i. 

■*  V.  ■'■ 

JfH 

4i: 

•^l.V-rtl;ptal 

F 

• 

gm 

• 

F 

1 

T 

irtt 

F 

rf| 

:tHi 

iti.t 

rfr 

Hi 

:W 

pFlii 

PfE#F#il 

:F 

F- 

jjgF 

-U-H- 

F 

m 

Ft' 

P 

F 

i 

ttgl 

tt|r: 

y 

irt 

F 

$ 

441 

:-iFr 

:i 

1-+  i-‘  ■  ‘1  >■  ••  . i'i-‘| 

xiir 

iFS& 

ixt  IF- 
FFFi- 

fJ  : 

Fig: 

^[fiF 

it  It 

J.  4— 

pF 
i'.  .tr. 

tt:]. 

+T-pI- 

1 

1 

ii 

1 

y 

F 

I41-i 

gg 

F 

_.. 

S!|fi 

St'-Ui 


s  - 


Sjf  sp  tet  i  Eji  ^  ~  tB±  ste  M 

Ft:!}: :l|^ :  ^ t| 4  :;^:.  1  :i-;  ti:t r  4h  t  \{ 

r^£  £;iiMiiii3feMkfeiliffi 


ieSm 


ii 


iil  SiiHil- 


^  ,^,  Fi.r“F!' 

||||'  Fi|;' 

F?ltr 

t;‘it  -.kit  fl#  jtS  E  £  I S  ffe-  ^B'  -T“  f  *  -p-  l-i-  ■!■  -  *  -  +  W'  !  P- 

Ltlit  i'H  :'  :v:|]:  :i}5  iite  Im.  jiix  im  mt  Hii-:  S  r  imStif  ai  rHil;  itl::  yTi  -ili: 
;!t-:)  ip!  nll-rijl  'Pl-mTp  Iflr  pP-^Kp  rtTl  p  VTift  ■+**  ::fiT'''ipt:  Pti  tl-ll:  itll 
TttTttptPtwPTFTftimffi  ntr  TT  -  jrrr  TPr  jm.jUPtrgyrT  A;-  t-Hr 

|i  f i  mi'  H-  j:  F  4ff  ^  F"  w  it  ttF  r f F  tR*  f '  R'  F  jp '  t  f'"'^'  -i  K*-  -^'R ' 

F  f T  ^  ||  p  m  m  F  %  ff  h|  F  M  Ff 


ifiiiiiiiSi|i;ipifff|if 

|1|  y  ^  ^  j&  gg  M :  11  2  ^  S  p  fflli  Ii  ill;  Ig 


■  ±g  y  y  y  y  y  Tf  i  ®  M  ^  sg  }fe  ”  ?  f  tS  fgi- 

:  uH:  i\-At  Fh  •  ^Ft-  JF-  F'^-  FF  FF  ijli  'ial  FM :  -  F  '1  -7-  -I- 

iilglili ii|i|ii|i|li 

iur:irti-4-'f--FU'Rf;4" F  uh  -r  i-  Ft]*-’  1 4  Itjl  Fl.4F  pft- -tf 
: TtF 'FF F t M FF fF F t m :f.F: :t F :  [J  -fflrtfaFrl^tFF:^ 


OJ 

*H  • 

>  e 

I 

-p  Ph  CQ 
O  -H  -p 
rCl  w  prj 

‘H 

Cd  r~l  O  ' 

F  ^ 

P>  «H  F 

•H  o  tlD 
Ii 

m  o 


0) 

<D 

u 

P 

F 

H 

F 

p 

cd 

> 

e 

CO 

cd 

F 

CO 

P 

p 

h 

9i 

0 

rd 

•H 

(U 

U 

H 

Cd 

P 

« 

P 

> 

cd 

.9 

CO 

cd 

F 

0 

(D 

CO 

<D 

cd 

CQ 

a 

OJ  o 

y  p» 

P  F  D 
D  O  ft 
P  H  O 
ft  H 
<L)  W 
U  H 

P  S  • 
POO 

bO  o  P  00 

P  -H  ft  H 

•H  W 

Ti  P  fd  Jt 
nd  D  CD 
O  ft  -P  d 
F  W  P 

CQ  g  rd 
OP 
0)  nd  o  Cd 
F  P 
U  cd 

p  ^  WO 
>  U  Ch 
(D  OJ 
I  F  ft 

F-’  §  °  " 

Hood 
a  p 

(U  CU  I — I 
H  p  R3  F 
p  cd  >  cd 


NACA  TN  21^29 
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Figure  15.-  Point  of  flow  separation  on  upper  surface  fo\md  by  manipulating 
hot-wire  mounted  from  top  of  test  section. 
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(a)  Flow  condition  just  behind  leading  edge 
V  =  53.1  feet  per  second^  6  =  6.6^. 


1  M  1  I  1  1  J 


Time 


(b)  Flow  condition  behind  trailing  edge,  a  = 


V  =  53-1  feet  per  second,  6 


\m: 


I 


1 1  I  j  lit  I 


(c)  Flow  condition  behind  leading  edge 
V  '=  4l.8  feet  per  second,  0  =  7- 


(d)  Flow  condition  behind  leading  edge,  a  =  lo  , 
V  =  27.6  feet  per  second,  9  = 


Figure  I6.-  Airfoil  flow  conditions  during  oscillation. 


range  decreasing  with  increasing  angle  of  attack.  range  decreasing  with  increasing  angle  of  attack. 


